Findings
========

The possible contribution of transposable elements to the proteome has been discussed in several publications \[[@B1]-[@B7]\] and has provoked much debate \[[@B8]\]. Many mechanisms are known to increase the protein-domain repertoire, e.g., domain duplication, substitution mutations, insertions, deletions, and domain rearrangements \[[@B9]\]. In metazoans, a transposable element may result in transduction, in which a DNA segment downstream of transposable elements is mobilized as part of an aberrant transposition. This may result in gene duplication or exon shuffling, subsequently enriching the protein repertoire \[[@B10]-[@B13]\]. However, in the process of transduction, the transposable element does not acquire gene fragments as part of its sequence.

In plants, on the other hand, thousands of transposable elements contain duplicated gene fragments, captured in a process termed transduplication. Transduplication is a potentially rich source of novel coding sequences within rice and *Arabidopsis thaliana*\[[@B14]-[@B16]\]. Recently, transduplications of small nucleolar (sno) RNA by retroposon-like non-LTR transposable elements were found in the *C. elegans*\[[@B17]\] and platypus genomes \[[@B18]\].

The *Harbinger*superfamily of \"cut-and-paste\" DNA transposons was discovered through *in silico*studies \[[@B19]\]. This superfamily is characterized by *Harbinger-*specific transposases that are distantly related to the transposases encoded by the IS5-like group of bacterial transposons, such as IS5, IS112, and ISL2. *Harbinger*transposons are not as widespread as the eukaryotic *hAT*and *mariner/Tc1*transposons; they are found in plants and nematodes \[[@B19]-[@B23]\] but not in mammals. Usually, *Harbinger*transposons are flanked by 3-bp target site duplications and 25- to 50-bp inverted terminal repeats (ITRs).

*Turmoil*-1 is a 5,024-bp long DNA transposon with 760-bp long ITRs and a *Harbinger-*specific transposase (Figure [1A](#F1){ref-type="fig"}). These ITRs are unique to *Turmoil*-1 and are not found in other members of the Harbinger superfamily of DNA transposons \[[@B24]\]. One complete copy of the *Turmoil*-1 was found on chromosome II of *C. elegans*; eight *Turmoil*-1 fragments exist in the genome (for detailed information, see Table [1](#T1){ref-type="table"}). An analysis of *C. elegans*transposable elements \[[@B25],[@B26]\] revealed that a 205-bp ITR sequence within *Turmoil*-1 is highly similar to a region of two exons separated by an intron of the *rsp-2*gene (see pairwise alignment using bl2seq \[[@B27]\] Figure [1B](#F1){ref-type="fig"}). These two exons encode the RNA Recognition Motif (RRM), which is found in many eukaryal and bacterial proteins. Specifically, the type of RRM domain present in the *rsp-2*(called RRM1) gene is highly conserved evolutionarily \[[@B28]\]. The high similarity between the ITR sequence and the fragment of the *rsp-2*gene implies that one originated from the other. The antiquity of this domain and a phylogenetic analysis (Figure [2](#F2){ref-type="fig"}) indicate that *Turmoil*-1 has recently acquired a portion of the *rsp-2*gene sequence into its ITR. Tree reconstruction was performed with the PhyML program version 2.4.5 \[[@B29]\] using among-site rate variation with four discrete rate categories, and the JTT model \[[@B30]\] of sequence evolution.

###### 

*Turmoil*-1 elements within the *C. elegans*genome

  \#   Chr (\*)   Start (\*\*)   End (\*\*)   orientation   Containing RRM domain (\*\*\*)   Containing *cpg-3*fragment   Length of the element (\*\*\*\*)
  ---- ---------- -------------- ------------ ------------- -------------------------------- ---------------------------- ----------------------------------
  1    I          216923         217647       \-            \+ (1--827)                      \+                           PL
                                                                                                                          
  2    I          5979173        5980185      \+            \+ (1--1177)                     \+                           PL
                                                                                                                          
  3    I          5980183        5982782      \-            \+ (1--2771)                     \+                           PL
                                                                                                                          
  4    I          7245338        7245520      \+            \- (125--317)                    \+                           PL
                                                                                                                          
  5    I          13973017       13973196     \+            \- (4691--4882)                  \+                           PL
                                                                                                                          
  6    II         3351574        3356982      \-            \+ (1--5024)                     \+                           FL
                                                                                                                          
  7    II         10883165       10884063     \-            \- (519--1090)                   \-                           PL
                                                                                                                          
  8    II         11452621       11452867     \-            \+ (323--568)                    \-                           PL
                                                                                                                          
  9    IV         2900974        2901153      \+            \- (125--316)                    \+                           PL

(\*) chromosome number

(\*\*) Start and End according to the coordinates of *C. elegans*genome version ce6 (May 2008).

(\*\*\*) in brackets the start and end relative to the full sequence of the *Turmoil-*1 found on chromosome II 3351574 -- 3356982 (\#6).

(\*\*\*\*) PL -- partial length of *Turmoil-*1/FL -- full length of *Turmoil-*1.

![**Evidence for two transduplication events within the ITR sequence of the *Turmoil*-1 transposon**. (A) A schematic illustration of the full sequence of *Turmoil*-1 on chromosome II (see table 1, copy number 6) and the structure and sites of inclusion of fragments of the *rsp-2*and *cpg-3*genes within the ITR sequence (B) Pairwise alignment (using bl2seq \[[@B27]\]) between the *Turmoil*-1 sequence and the *rsp-2*sequence. The start codon, which is also the first amino acid of the RRM1 domain in the *rsp-2*gene, is boxed in red. The intron sequence is indicated by lower-case letters; the protein-coding region is indicated by upper-case letters. The positions of the 5\' and 3\' splice sites (5\'ss and 3\'ss, respectively) are marked with arrows. The nucleotides in the 5\' splice site of the *rsp-2*gene that were mutated in the sequence of the transposable element, thereby abolishing the original 5\' splice site, are shown in red. (C) Pairwise alignment between *Turmoil*-1 and the *cpg-3*sequence.](1745-6150-3-41-1){#F1}

![**Maximum likelihood tree of the RRM domain**. The RRM domain sequence, which is part of the ITR of *Turmoil*-1, is indicated in red. The tree shows that the RRM domain within *Turmoil*-1 is derived from the ancestral RRM domain rather than vice versa.](1745-6150-3-41-2){#F2}

A comparative analysis of the *rsp-2*gene and the 205-bp region of the gene found in the ITR sequence, revealed that the *Turmoil*-1 sequence has accumulated several point mutations within the 5\' splice site that make it non-functional, whereas the 3\' splice site of the intron remains intact (the mutations in the 5\' splice site region are marked in red in Figure [1B](#F1){ref-type="fig"}). Since the RRM domain within the *Turmoil*-1 DNA transposon is not under purifying selection to maintain the reading frame or the functionality of the splice sites, these mutations are not unexpected.

Within the same ITR domain of *Turmoil*-1, and very close to the site of insertion of the RRM domain of *rsp-2*gene, there is evidence of another \"DNA kidnapping\" event. A 131-bp fragment from the coding region of *C. elegans*gene *cpg-3*, which is unique to nematodes, was inserted into the ITR (Figure [1C](#F1){ref-type="fig"}). No sequences homologous to *Turmoil*-1 flank the *cpg-3*gene. Thus, similar to the *rsp-2*case, a gene fragment from the *cpg-3*most likely was acquired by *Turmoil*-1, and not vice-versa. As the gene fragments are present on both sides of the ITR, capture may have occurred through non-homologous recombination.

One of the *Turmoil*-1 copies (number 1 in Table [1](#T1){ref-type="table"}) contains within it an open reading frame (ORF) with the accession number *Y48G1BL.4*. It contains two putative exons and an intron (Figure [3](#F3){ref-type="fig"}), which are similar to the RRM domain. The 5\' splice site that corresponds to that in the *rsp-2*transcript has been mutated. A novel 5\' splice site is most likely located nine nucleotides downstream from the original one. At this site, a point mutation changed an AT into a GT dinucleotide (marked in red in Figure [3](#F3){ref-type="fig"}). Usage of this 5\' splice site maintains the ORF equivalent to that of the RRM domain of rsp-2 with the exception of the addition of three amino acids. These additional residues should have a negligible effect on the three-dimensional structure of the RRM domain (Figure [3C](#F3){ref-type="fig"}). This ORF, however, may not be transcriptionally active as its sequence is only found in the UNIPROT database (accession number Q9N3P9), and there is no EST or cDNA supporting evidence. If this is the case, it would be consistent with reports that indicate that all known transduplicates in rice, in spite of their genomic abundance, are pseudogenes \[[@B16]\].

![***Y48G1BL.4*gene with predicted RRM domain**. (A) A schematic illustration of the *Y48G1BL.4*gene with predicted exons and an intron, and the position of the *Turmoil*-1 sequence within the genome. (B) Pairwise alignment (using bl2seq) between *Turmoil*-1 and the *Y48G1BL.4*DNA sequence. The intron sequence is indicated by lower-case letters and the protein-coding region by upper-case letters. The potential new 5\' splice site is marked in red and the 5\' splice site position within the original RRM domain is marked with an arrow. (C) The predicted three-dimensional structure of the RRM domain generated from *Y48G1BL.4*.](1745-6150-3-41-3){#F3}

Our analysis indicates that *Turmoil*-1 of *C. elegans*has captured two unrelated coding sequences within its ITRs at proximate locations. The presence of a transduplication \"hotspot\" in this region may be tentatively inferred. This analysis reveals a transduplication of protein-coding regions in *C. elegans*and strengthens the hypothesis that protein domains may be mobilized by transposable elements.
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